-J. 2010. The Biology of Canadian weeds. 144. Pastinaca sativa L. Can. J. Plant Sci. 90: 217Á240. The parsnip, Pastinaca sativa, was introduced to North America shortly after European settlement as an important root-crop. It subsequently escaped cultivation and naturalized as a less palatable ''wild'' form. Cultivation of parsnip has diminished in Canada to the point where it is now only a minor crop, but the wild form has increased as a troublesome weed, particularly in eastern regions.
1. Name Pastinaca sativa L. * wild parsnip (Darbyshire et al. 2000) , bird's nest, common parsnip, hart's eye, madnep, parsnep, parsnip (Darbyshire 2003) ; panais sauvage (Darbyshire et al. 2000) , carotte-blanche, panais, panais bruˆlant, panais commun, panais cultive´, panais potager (Darbyshire 2003) . European and Mediterranean Plant Protection Organization (Bayer) code: PAVSA. Umbelliferae (Apiaceae), parsley family (carrot family), Ombellife`res (Apiace´es).
Literature reports concerning Pastinaca sativa are not always clear as to whether the cultivated or ''wild'' forms are considered (see Sections 2c and 3). Hereafter, when non-cultivated forms are referred to as ''wild parsnip''; the term ''cultivated parsnip'' is used to refer to the various cultivated forms; and, when there is uncertainty or when the species in general is being referred to, the terms ''parsnip'' or ''Pastinaca sativa'' (''P. sativa'') are employed.
Description and Account of Variation
(a) Species Description * The following description is adapted from the literature (e.g., Syme 1873; Warning 1934; Tutin 1968 Tutin , 1980 Frankton and Mulligan 1987; Gleason and Cronquist 1991; Alex 1992) and supplemented with observations of Canadian populations by the authors.
Biennial or short-lived monocarpic perennial. Taproot thick, mostly unbranched but becoming more so with age, wiry, and tough (Fig. 1B) , white to yellowish brown. Flowering stems erect, 40Á200 cm high, angled (grooved), with sparse hairs, hollow (Fig. 1B) except at the nodes, often branched at the upper nodes. Petioles grooved, broad at the base, and clasping the stem. Leaves alternate, once or twice pinnately compound, to about 40 cm long, smooth or hairy. Flowering stem leaves with relatively broad, coarsely toothed, usually single-lobed leaflets 5Á10 cm long, in opposite pairs terminated by a usually 3-lobed leaflet. The size, shape and number of leaflets can be quite variable; Canadian plants usually have once-pinnate leaves with 5Á15 elliptic to lanceolate leaflets, but on larger plants lower leaves may be twice-pinnate. Upper stem leaves progressively reduced in size and lobing to sessile narrow bracts. Inflorescence a compound umbel (Fig. 1A) , 10Á20 cm across, more or less flat-topped, with 6Á25 straight rays 2Á5 (8) cm long supporting the umbellets. Bracts and bracteoles below umbels and umbellets usually lacking. The terminal (primary) umbel with hermaphrodite (perfect) flowers towards the outside and staminate flowers towards the centre, the axillary lateral (secondary, tertiary, etc.) umbels with a diminishing number of hermaphroditic flowers, often only staminate flowers in the highest umbel orders. Pedicels as long or longer than the fruit. Flowers with sepals minute or lacking, about 2.5 mm across; petals 5, entire, involute, yellow (rarely white). Stamens 5; 1 pistil with a bilocular ovary. The bases of the two short styles are fused and enlarged into a nectar secreting stylopodium, which is somewhat smaller in staminate flowers. Fruits (schizocarps) oval, with a distinctive woody endocarp (Theobald 1971) , splitting into two strongly flattened ''seeds'' (mericarps) with flat sides adjacent, each seed rounded or oval in outline and narrowly winged, 4Á8 mm long, straw-coloured to light brown, with 4 conspicuous dark oil tubes (vittae) on the abaxial (outer) surface and 2Á4 on the adaxial (inner) surface (Fig. 2) . A wiry prolongation between the two mericarps, the carpophore, is deeply divided and supports the two mericarps from their apex (Jackson 1933) . Fruits of the terminal umbel are usually larger than those of the lateral umbels. Plants emit a characteristic parsnip odour.
The seedlings (Fig. 3 ) have strap-like cotyledons up to about 3 cm long, with a blade about 4 mm wide and tapering to a long petiole. The first leaves with long petioles, ovate to broadly cordate, about 1 cm long and coarsely toothed but not lobed.
Anatomical characteristics of the cultivated parsnip, ''Hollow Crown'', was investigated in detail by Warning (1934) . She described and illustrated stem, leaf and root tissues at various growth stages.
Chromosome number counts from Canadian plants include n011 from Windsor, ON (Mulligan 1984 ) and 2n 022 from Ottawa, ON (Mulligan 1959) . Bell and Constance (1957) , and Rogers (1965) reported n 011 from North Carolina in the United States. These counts are consistent with those reported from Europe and Asia (e.g., Van Loon and Kieft 1980; Wentworth et al. 1991; Lo¨vkvist and Hultga˚rd 1999) . Beghtel (1925) reported n 08 from megaspore preparations, but was unsure of the exact number.
(b) Distinguishing Features * Wild parsnip can be distinguished from other members of the parsley family by its pinnately compound lower stem leaves, with broad, coarsely lobed and toothed leaflets; yellow flowers; and, distinct parsnip odour. In Canada, where few species within the family have yellow flowers, a rare whiteflowered morph of wild parsnip may be confused with other species (Anonymous 1998) . The larger dorsally flattened seeds distinguish wild parsnip from similar species, including water parsnip (Sium suave Walt.), spotted water hemlock (Cicuta maculata L.), and poison hemlock (Conium maculatum L.), all of which have white flowers. Although wild parsnip seeds are somewhat similar to those of Heracleum and Angelica species, these latter plants have white flowers and broader leaves with greatly expanded petiole sheaths.
(c) Intraspecific Variation * The naturalized and cultivated plants belong to the same species, Pastinaca sativa (e.g., Muenscher 1955) . In spite of the slight morphological differences (Grieve 1931; Steyermark 1963 ) wild parsnip will readily cross pollinate with parsnip crop varieties (Webster 1943) . As with any plant of economic importance, many morphological variations in P. sativa have been described and named at various taxonomic ranks. Although few of these types are currently distinguished taxonomically, they are an indication of the variability in parsnips. In Eurasia the ''wild'' form is sometimes distinguished from the cultivated parsnip as subsp. sylvestris (Mill.) Rouy & Camus, or even as a distinct species, P. sylvestris Mill. (Shishkin 1951) , however there seems to be little value in this distinction, at least in North America. Several other subspecies of P. sativa are sometimes recognized in Europe based on pubescence characteristics, rounded (versus angled) stems, and the shape and size of the terminal umbel, including subsp. latifolia (L.) DC., and subsp. urens (Godron) Č elak (Tutin 1968; Menemen and Jury 2001) .
Plants from Corsica are sometimes treated as P. sativa subsp. divaricata (Desf.) Rouy & Camus (Tutin 1968) or as the distinct species P. divaricata Desf. (Menemen and Jury 2001) .
In a study of the genus Pastinaca from Italy, Anzalone (1987) recognized only three subspecies of P. sativa, subsp. sativa, subsp. urens, and subsp. divaricata. Within subspecies sativa, Anzalone (1987) recognized var. sativa, var. sylvestris (Mill.) DC., and var. hortensis Gaudin (0var. edulis DC.). He concluded that the continuous variation in leaf morphology did not justify recognizing sativa and sylvestris at a rank higher than variety. He distinguished the cultivated forms with large fleshy roots as var. hortensis.
Variation of chemistry has been studied in Europe Kubeczka 1978, 1979) and North America (Berenbaum et al. 1984; Zangerl et al. 1989; Zangerl and Berenbaum 1993) .
Biochemical differences between individuals and populations occur in the amounts and proportions of the various secondary metabolites. Various crop cultivars have been developed that differ primarily in the shape and size of their tap roots (Grieve 1931 , Nonnecke 1998 .
(d) Illustrations * The habit and root of P. sativa are illustrated in Fig. 1 . A young seedling is illustrated in Fig. 2 . Seeds (mericarps) are illustrated in Fig. 3 . A mature rosette just prior to bolting is shown in Fig. 4 . Additional useful illustrations may be found in Millspaugh (1887) , Pammel (1913) , Gleason (1952) , Heller (1886), Muenscher (1955) , Tutin (1980) , Frankton and Mulligan (1987) and Alex (1992) . The developmental stages of wild parsnip are illustrated by Baskin and Baskin (1979) . A graphic comparison of the leaves of several similar species of North American Umbelliferae, including P. sativa, is given in Fuller and McClintock (1986) . An extensive collection of photographs can be found at the Invasive.org web site (CISEH 2009).
Economic Importance
Parsnip has been grown as a root crop for centuries (possibly millennia) in Europe and elsewhere, both for human consumption and livestock feed (Grieve 1931) . Cultivated forms produce larger, less acrid, and more succulent roots than wild types. It is not known how the interaction of growing conditions and genotype selection affects the palatability or toxicity of crop types, since it appears as though weedy populations in North America have arisen through the escape and ''reversion'' of cultivated crop forms. Clearly, there are different wild and cultivated forms, the former behaving as a weed with highly toxic biochemical properties, and the latter being edible and significantly less toxic (Berenbaum et al. 1984) .
(a) Detrimental * There are some vague reports of parsnip roots causing human poisoning (e.g., Millspaugh 1887; Pammel 1911; Groh 1944) , but it is unclear whether cultivated or wild forms were responsible. Significant harm is caused by the toxic compounds present in wild and cultivated forms (see Section 7c), causing both photo-activated dermatitis and toxicity in the absence of light (Scott et al. 1976; Mitchell and Rook 1979; Ivie et al. 1981; Berenbaum 1985; Søborg et al. 1996) . The principal toxic compounds, furanocoumarins (furocoumarins), are found in P. sativa, some other species in the Umbelliferae and about seven other plant families (Scott et al. 1976; Murray et al. 1982; Berenbaum 1981b Berenbaum , 1983 Knudsen and Kroon 1988; Burrows and Tyrl 2001) . They function as phytoalexins (Beier and Nigg 2001) where increased production is induced by plant wounding or herbivory (Zangerl 1990; Zangerl and Rutledge 1996; Zangerl and Berenbaum 1998; Zangerl et al. 2002) , and fungal (Johnson et al. 1973; Desjardins et al. 1989b; Cerkauskas and Chiba 1990; Mongeau et al. 1994) or bacterial (Ostertag et al. 2002) infection. Nitao (1988) , however, did not observe increased levels of furanocoumarins with artificial defloration. Furanocoumarins in wild parsnip may also function as allelopathic compounds and germination inhibitors ). These secondary metabolite compounds are broadly biologically toxic, and have effects that are potentially both detrimental and beneficial.
Topical contact or ingestion of some furanocoumarins, followed by subsequent exposure to UV radiation (primarily 320Á380 nm) causes lesions and cell damage in humans and livestock (including birds) (Jensen and Hansen 1939; Pathak et al. 1962; Berakha and Lefkovits 1985; Renner et al. 1991; Rietschel et al. 1995; Beier and Nigg 2001) as well as various invertebrates, microorganisms, and plants (Pathak et al. 1962; Scott et al. 1976; Murray et al. 1982) . Different types of furanocoumarins have varying degrees of photoactivity Søborg et al. 1996) . The phototoxic activity of parsnip extracts is resistant to breakdown by heating (e.g., autoclaving, cooking, etc.) or storage of several months (Jensen and Hansen 1939; Ivie et al. 1981; Beier 1990; Ostertag et al. 2002) .
In humans, the lowest observed adverse effect level of dietary consumption of furanocoumarins appears to be 0.14Á0.38 mg kg
(1 body weight (Søberg et al. 1996) . Seigler (1998) estimated that consumption of 100 g of parsnip root could expose an individual to 4Á5 mg of furanocoumarins. In Canadian markets, cultivated parsnip roots were reported to have an average of 14.9 mg of total furanocoumarins per gram of root tissue by Lombaert et al. (2001) , although Ceska et al. (1986) found values as high as 24599515 mg g (1 w.w. in diseased roots. Concentrations in roots from European markets range from 0.1Á140 mg g
(1 (Søborg et al. 1996; Peroutka et al. 2007; ). Physical contact with the epidermis or sap of plants will transfer furanocoumarins since they are lipid-soluble and readily absorbed through the skin (Rietschel et al. 1995) . Anecdotal reports suggest that exposure to sap atomized through plant mowing can also cause reactions.
Furanocoumarin levels in wild parsnip roots have not been investigated in detail, but are likely to be higher than in crop plants, as wild plants are under selective pressure from herbivores (see Section 7c), whereas crop plants are likely to be sprayed with insecticides (Gray et al. 1985) and selected for low furanocoumarin content (Berenbaum et al. 1984) . Berenbaum et al. (1984) found that, on a dry weight basis, the content of five furanocoumarins was 2.76 times higher in the seeds of wild parsnip than of cultivated parsnip; 3892 mg per seed (range 017.0Á60.1 mg), and 1491 mg per seed (range 08.5Á22.2 mg) (P B0.001), respectively.
The most serious toxic effect of the linear furanocoumarins (see Section 7c) is adduction to pyrimidines, which may be followed by photo-activated covalent cross-linking of DNA strands compromising transcription and replication. Adduction to and oxidation of (with or without accompanying UV irradiation) nucleic acids, protein, and lipids by various furanocoumarins are also mechanisms involved in cell damage (Scott et al. 1976; Ivie et al. 1981; Murray et al. 1982; Berakha and Lefkovits 1985; Lowe 1986; Berenbaum and Larson 1988; . The lesions caused by contact with furanocoumarin-bearing plants followed by UV-A irradiation are usually referred to as photodermatitis or phytophotodermatitis. Symptoms may include: reddening, blistering, and ulceration of skin; painful inflammation and irritation; deformities; increased pigmentation; photosensitization of skin and eyes; and, ocular pathologies (Burrows and Tyrl 2001) . The degree of reaction depends primarily on the amount of active compound and the intensity of subsequent UV-A exposure, although the presence of other compounds (not or only weakly photo-activated) may have complementary or synergistic effects on photo-activated furanocoumarin toxicity (Berenbaum 1985; Berenbaum and Neal 1985; . Sunlight is the usual source of energizing radiation, although artificial sources produce similar results (Jensen and Hansen 1939; Pedersen and Arles 1998) . Exposure to intense UV radiation, as in a tanning booth, should be avoided after consumption of, or exposure to, furanocoumarinbearing plants (Beier and Nigg 2001) . The reaction appears to be enhanced if the subject's skin is moist from either damp plant material, sweat or humidity (Rook 1960; Sommer and Jillson 1967; Knudsen and Kroon 1988) . Phytophotodermatitis is not an allergic reaction and contact with the plant(s) followed by sufficient radiation (about 0.5Á1 h of sunlight) will always lead to a reaction (Jensen and Hansen 1939; Lowe 1986; Knudsen and Kroon 1988; Rietschel et al. 1995) .
Field workers, harvesting cultivated parsnips, may experience phytophotodermatitis (Lutchman et al. 1999) . Contact with wild parsnip causes the same reaction in humans (e.g., Averill and DiTommaso 2007) and livestock (e.g., Burrows and Tyrl 2001) . In England, pigs exposed to crushed parsnip leaves developed severe sunburn and secondary skin infections in areas that made contact with the sap. Boars were reluctant to serve and lactating sows became reluctant to allow piglets to suckle, resulting in reduced growth of litters (Hayden 2000) . In New Zealand, bullous and vesicular lesions similar to symptoms of foot and mouth disease were located on the snouts and feet of white-skinned pigs after contact with parsnip or celery followed by exposure to sunlight (Montgomery et al. 1987) . Poultry may be affected in un-feathered areas such as the beak, legs, feet, comb, wattles, and eyes (Burrows and Tyrl 2001) .
Toxicity of wild parsnip may also occur through nitrate accumulation (Fuller and McClintock 1986) . However, the foliage is reportedly unpalatable to cattle (Stubbendieck et al. 2003) , and therefore unlikely to be consumed in sufficient quantities to cause nitrate poisoning.
Wild parsnip out-competes other lower-growing herbaceous vegetation by its luxuriant growth (Groh 1944; Averill and DiTommaso 2007) . It is not visited by honey bees (Apis mellifera L.) and may displace species that are important nectar sources (Averill and DiTommaso 2007) . In Canadian agriculture it is a problem in pastures where it is differentially grazed, competes with forage species, and may cause livestock injury. It is also an increasing problem in reduced-tillage systems where perennial weeds are able to persist (Darbyshire 2003; Cain, Darbyshire, and Simard, personal observations) . As a weed in rights-of-way, it poses a serious health risk for workers, particularly during vegetation management activities and equipment or facility maintenance operations. In Poland, cultivated parsnips are sometimes problematic as volunteer weeds in crop rotation systems (Dobrzan´ski and Pal czyn´ski 2001) .
(b) Beneficial * The root of parsnip is edible and is cultivated as an annual crop both for human consumption and as animal fodder (Provancher 1862; Grieve 1931) , although the roots of wild plants are reputed to be fibrous and unpalatable (e.g., Pammel 1911; Salisbury 1961) . Grown as an annual crop, parsnip is usually harvested after a frost which increases sugar content. The roots or seeds have been used in the making of beer, wine or distilled spirits (Millspaugh 1887; Grieve 1931) . In Canada, cultivated parsnip is a minor crop grown in most provinces with more than 2000 metric tonnes produced in 2007 (Anonymous 2008) , although commercial production in the prairie region is negligible. In Quebec (QC), 72 ha of parsnip production were reported in 2006 (Groupe AGÉ CO 2007) ; and, in Ontario (ON), 105 ha were reported in the 1980s (Shattuck et al. 1981) .
In 1860, inclusion of parsnips was recommended among carrot seed crops as a trap to control damage by moths (Depressaria sp.) (Hokkanen 1991) .
Wild parsnip may have some potential in phytoremediation of metal-contaminated soils. In the United Kingdom, Jarvis et al. (1976) found that parsnips absorbed relatively large quantities of cadmium (Cd). Although 181 mg Cd g
(1 of root was detected, 90.6% of total uptake was retained in the root with limited transport to the shoots. In Polish studies of crop plants, parsnip was among the most efficient accumulators of nickel (Ni) and manganese (Mn), especially since shoots contained 10.84 mg kg
(1 dry wt. of the former, and 33.18 mg kg
(1 dry wt. of the latter (Poniedzial ek et al. 2005) . The maximum Cd and lead (Pb) content was found in the leaves, and parsnip had the highest shoot to root Pb concentration ratios (Se¸kara et al. 2005a) . In a study of zinc (Zn) and copper (Cu) accumulation, parsnip did not have a high Zn concentration ratio, but the rate for Cu was 1.4 (Se¸kara et al. 2005b) .
Parsnip chemistry has been investigated for a variety of potential medicinal uses (Rumn´iska et al. 1983; Zidorn et al. 2005) . Because of the effect on skin pigmentation (hyperpigmentation), furanocoumarins traditionally gathered from plant sources have been used extensively in the treatment of vitiligo (leukoderma), and in the preparation of ''sun-tan'' lotions, as well as for the treatment of psoriasis (Pathak et al. 1962; Scott et al. 1976 ; Van Scott 1976; Ivie et al. 1981; Søborg et al. 1996; Beier and Nigg 2001) . Furanocoumarins have also been found to have potential as insect repellents, as they suppress feeding and growth in some insect species (Klocke et al. 1989) , and have been investigated for anti-bacterial and anti-fungal properties (Johnson et al. 1973; Fischer et al. 1976; Wolski et al. 2000 Wolski et al. , 2004 . Oils extracted from parsnip seeds have been used to treat ''intermittent fever'' (Millspaugh 1887; Grieve 1931; Pratt undated) . Decoctions of the roots have been used as a diuretic (e.g., treatment of kidney stones) and in other medicinal therapies (Grieve 1931) .
Compared with other Umbelliferae species studied, relatively high levels (7.5 mg g
(1 ) of bioactive polyacetylenes were detected in cultivated parsnip roots by Zidorn et al. (2005) . In addition to the medicinal benefits (anti-cancer, anti-allergenic, and antiinflammatory activities) of these compounds, some polyacetylenes are known to have anti-fungal, antibacterial, and nematocidal effects (Zidorn et al. 2005) .
(c) Legislation * In Canada, wild parsnip is not listed as a prohibited, noxious, or nuisance weed by any provincial legislation and is not included in federal regulations under the Seeds Act (Government of Canada 2005). In Ontario, it is, however, regulated by local weed control by-laws in the United Counties of Leeds and Grenville (M. Cowbrough, personal communication). In the United States, the species has been declared a prohibited noxious weed in the state of Ohio (Anonymous 1998). Although not currently listed for any of the other states where it occurs (Invaders Database System 2000), wild parsnip has been considered as a noxious weed in some states in the past; for example, Iowa (Pammel 1913) .
Geographical Distribution
In Canada, wild parsnip occurs in all provinces and territories except Nunavut (Darbyshire 2003; Fig. 5) . It is most common in eastern Ontario and adjacent western Quebec (Frankton and Mulligan 1987; H. Martin, personal communication; G. Quesnel, personal communication; Fig. 5) . It is present in all American states except Hawaii, Mississippi, Alabama, Georgia, and Florida (USDA-NRCS 2008) . It is widespread in temperate regions of Europe, extending through eastern Europe into western Central Asia, through Turkey into Iran and the Caucasus, and southeastward from the Pamirs to the western Himalayan region; and, is also present in Africa, South America, New Zealand, and Australia (Holm et al. 1979; Hulte´n and Fries 1986 ; USDA, ARS 2008).
Habitat
(a) Climatic Requirements * Primarily a plant of temperate regions, wild parsnip occurs at higher altitudes in lower latitudes, and sporadically in continental or northern zones where it may have been transported by road or railway or escaped from cultivation to sheltered areas such as along waterways or in forest clearings (Hulte´n and Fries 1986; Fig. 5 ). Rousseau (1968) noted that it was most common in regions of Quebec where the number of growing degree days exceeds 2500, and that its northern limit was about 498 latitude. A number of scattered locations have been documented north of 498 in northern Ontario and western Canada (Riley 2003; Fig. 5) . Most herbarium specimens were collected from open areas exposed to the sun. However, it often occurs in semi-shade at the edge of forests and thickets, or along river banks in eastern Ontario that have shrub or tree cover (herbarium specimen labels; K. Hinton, personal communication; personal observations). The plants can tolerate frost, although extreme cold during the growing season will cause them to defoliate, usually delaying flowering in the second season as foliage regeneration may not occur quickly enough to permit adequate vernalisation, and response to photoperiod required for bolting to take place (Baskin and Baskin 1979) .
(b) Substratum * A range of soil conditions are suitable for wild parsnip, including dry to mesic soils, as well as in wet meadows and ditches. Although tolerant of wet soils, the plants do not survive in flooded environments (van Eck et al. 2004 ). In Canada, most herbarium specimens were collected from dry sandy, gravelly, clay loam or alkaline soils, but specimens from moist or seasonally wet soils are common. Rousseau (1968) mentions that the species does well on gravelly and sandy soils. In eastern Ontario, wild parsnip occurs commonly in medium to heavy clay soils that are moist, but not saturated (G. Quesnel, personal communication). Muenscher (1955) observed that in North America it is found mostly on rich, heavy soils. A range of soil pH is tolerated, but growth is best on calcareous alkaline soils (Grieve 1931; Salisbury 1961; Eckardt 1987) .
(c) Communities in Which the Species Occurs * Wild parsnip grows in areas that have undergone disturbance (Hendrix and Trapp 1989; G. Quesnel, personal communication) . Plant specimens collected in Canada have been found in disturbed open areas, such as along railway embankments, roadsides, trails, riverbanks, ditches, beaches, sloughs, forest clearings, abandoned mine sites, quarries, and other waste areas; and, more rarely, in pastures, cultivated fields, gardens, meadows, swampy lowlands, and grassy areas (Frankton and Mulligan 1987; Alex 1992 ; herbarium specimen labels). In Ontario, wild parsnip is found commonly along rights-of-way, fence-rows, waste places, edges of agricultural fields, no-till fields, as well as along river banks and other drainage courses (G. Quesnel and K. Hinton, personal communication). It can be found along river banks, especially on the edges of plastic mulches used for tree and/or shrub planting, where it can produce substantial above ground biomass (2 m tall specimens have been observed) (N. Bourgon, personal communication). The species is present along hedgerows adjacent to intensively cropped agricultural fields in southern Quebec, where it may be abundant (de Blois et al. 2002; M.-J. Simard, personal observations) .
Both open and closed weed communities along a roadside west of Montreal contained wild parsnip (Tomkins and Grant 1974) . The former was dominated by pioneer annuals and short-lived perennials such as Ambrosia artemisiifolia L., Setaria pumila (Poir.) Roem. & Schult., Taraxacum officinale Weber, and Plantago major L. The latter had 90Á100% cover of perennial plants, including Poa pratensis L., Vicia cracca L., and Solidago canadensis L.
Wild parsnip has been documented in similar habitats in the United States, and is often found growing where there are high densities of perennial grasses (Baskin and Baskin 1979) . Roadside communities in Iowa that contained wild parsnip also contained sweet-clover [Melilotus albus Medik. and Melilotus officinalis (L.) Pall.], smooth brome (Bromus inermis Leyss.), clover (Trifolium spp.), and Canada goldenrod (S. canadensis) as the dominant species (Hendrix and Trapp 1992) . Wild parsnip can also be a problem weed in mesic prairie communities in the central United States (Kennay and Fell 1990) . Several synanthropic pioneer plant communities containing wild parsnip were described from the Czech Republic by Visˇnˇa´k (1995) .
History
Wild parsnip is native to Eurasia between the western Mediterranean region and the Caucasus Mountains (Rubatzky et al. 1999) . Parsnips may have been used as a food by the Romans and Greeks as well as in Medieval Europe (Syme 1873; Grieve 1931 ), but Sturtevant, noting the confusion in early terms for carrots and parsnips, indicated that one cannot be sure which was meant in early reports (Sturtevant 1890; Hedrick 1919) . European reports from the 16th century onwards are more precise, indicating that P. sativa was being cultivated in Germany and England from at least that period, and that it was being introduced by early explorers and settlers to such areas as Venezuela, Peru, and the New England colonies in the late 1500s and early 1600s (Hedrick 1919) . Its use as food is thought to have declined in favour of the sugar beet as a source of sugar, and the potato as a source of starch (Laws 2004) .
The wild plants in North America are widely believed to be naturalized from cultivation (Clark and Fletcher 1909; Rousseau 1968; Gleason and Cronquist 1991) , possibly assisted by the practice of settlers over-wintering the roots in the ground to sweeten the flavour (Sommer and Jillson 1967) . It is also possible that wild seeds or plants from Europe were among the early weed imports (Munro and Small 1997) . Since parsnip continues to be grown in North America, some ongoing escape from cultivation may occur (Gleason and Cronquist 1991) .
The first reports of cultivated parsnip in Canada date from 1612 and 1664 (Rousseau 1964) . During his travels in North America in the 1740s, the Finnish naturalist Pehr Kalm found P. sativa growing in great abundance in a wild state around Montreal and Quebec City, as well as at smaller settlements along the Hudson River and Lake Champlain in New York State (Rousseau and Be´thune 1977) . In Montreal, he noticed it naturalized along river-shores, and as a weed in cereal fields, but never in areas away from European settlements (Kalm 1772) . By the time it was first collected at Montreal in 1821, the weed was common in the area, mainly along roads and railways (Provancher 1862; Rousseau 1968) . By the 1880s, Macoun (1883) reported that it had become ''very common in many localities in and around gardens and orchards, and along roadsides'' in New Brunswick (NB), Quebec, Ontario, Manitoba (MB), and British Columbia (BC). It was reported as common in gardens and around old dwellings throughout eastern Canada by the early 20th century (Clark and Fletcher 1909) . By 1943, it was reported in every province, although most prevalently in the region between Montreal and Ottawa (Groh 1944; herbarium specimen records). The first collection from the Yukon was made in 1949, but it was not until 1970 that it was found in the Northwest Territories (herbarium specimen records). Gilles Quesnel (personal communication) indicated that wild parsnip has spread noticeably in the eastern counties of Ontario over the last 15 to 20 years. The species is now abundant in most of eastern Ontario and southern Quebec.
According to Sturtevant (Hedrick 1919) , the first records of parsnip cultivation in the United States are from Virginia (1610) and Massachusetts (1629). By the 1900s, wild parsnip had become a common and widespread weed (Coulter and Rose 1900) . Its distribution still shows a heavy concentration in the northeastern and mid-western states with isolated regions further west and in interior California (Hulte´n and Fries 1986) . This distribution, and its scattered presence elsewhere, suggests that it arrived with early settlers in Quebec and New England, and migrated westward with resettlement. The Invaders Database System (2000) has tracked the spread of wild parsnip in the five northwestern states, Washington, Oregon, Montana, Idaho, and Wyoming using historical and botanical accounts of the weed. From the first occurrence in 1889, the weed has spread gradually over 110 years, and now occurs in 45 counties within these five states.
7. Growth and Development (a) Morphology * The ability of the large tap root (Fig.  1B) to grow as deep as 1.5 m (Gleason and Cronquist 1991) enables plants to reach groundwater and survive for long periods during unfavourable growing conditions. Adventitious roots on the root axes contribute to the production of fine roots, which enhance the ability of enlarged, partly woody roots to absorb water and nutrients (Paolillo and Zobel 2002) .
(b) Perennation * As a monocarpic perennial, wild parsnip normally lives for at least two growing seasons before flowering and dying, but under sub-optimal growing conditions plants may live for up to 5 yr before flowering since a minimal biomass has to be attained before bolting is induced (Baskin and Baskin 1979) . The plant reproduces only by seed.
(c) Physiological Data * A number of secondary metabolite compounds have been identified in wild parsnip, including coumarins, fatty acid esters, flavonoids, furanocoumarins, phenylpropenes, polyacetylenes, and terpenes (Berenbaum 1985) . Furanocoumarins are benzpyrone compounds with a furan ring fused at the 6,7 (linear) or 7,8 (angular) positions, the former are referred to as psoralens, and the latter as angelicins (Scott et al. 1976; Søborg et al. 1996) . Scott et al. (1976) and Søborg et al. (1996) reviewed the physical and biological aspects of furanocoumarins. Twelve of these compounds have been reported from the roots, stems, leaves, buds, flowers or fruits of wild parsnip: angelicin (angular), apterin (angular), bergapten (linear), imperatorin (linear), isobergapten (angular), isoimperatorin (linear), isopimpinellin (linear), pimpinellin (angular), psoralen (linear), sphondin (angular), xanthotoxin (linear), and xanthotoxol (linear) (Pathak et al. 1962; Berenbaum 1985) . There is considerable variation in the toxicity and photoactivity of these different furanocoumarin compounds . The linear compounds are highly toxic to diverse herbivores and pathogens, but the angular types, which are generally less reactive (Scott et al. 1976) , may have additional (deterrent), complementary or synergistic effects (Berenbaum and Feeny 1981; Berenbaum 1985) .
Furanocoumarin content is partly heritable (Zangerl and Berenbaum 2004) , with high xanthotoxin, bergapten, and sphondin concentrations under positive selection pressure as a defence against herbivorous insects, including such specialist lepidopterans as parsnip webworm (Depressaria pastinacella Duponchel) and black swallowtail (Papilio polyxenes Fabricius) (Zangerl and Berenbaum 1993) . However, energetic ) and possibly physical constraints to furanocoumarin production have been identified. Zangerl et al. (1997a) investigated the energetic costs of damage-induced chemical defences on parsnip photosynthesis, respiration rates, and growth. Phenotypic variation in the production of various furanocoumarins is correlated with both light intensity and soil nitrogen (Berenbaum 1981a, b; Zangerl and Berenbaum 1987) . In addition to the phytoalexin response (see Section 3a), genetic and environmental circumstances influence the concentrations of various furanocoumarins in different tissues and organs, at different seasons and among different individuals (Ladygina et al. 1970; Berenbaum 1981a; Knudsen and Kroon 1988; Berenbaum et al. 1989; Zobel et al. 1990; Zangerl and Berenbaum 1993; Zangerl et al. 1997b) .
Large amounts of furanocoumarins may be present as crystals deposited on the epidermis of roots and foliage (Ceska et al. 1986; Brown 1991, 1993; . Up to 25% of the most toxic furanocoumarins (psoralen, xanthotoxin, and bergapten) in leaf tissues may be present on the surface (Zobel et al. 1990 ); superficial contact with the foliage is sufficient for transferring these compounds.
Usually the highest concentrations of furanocoumarins are in the reproductive parts, particularly the buds, flowers, and seeds (Søborg et al. 1996; Zangerl et al. 1997) . The proportion of furanocoumarins ranges from B0.1% dry wt. in leaves and stems, to as high as 1.0% in buds and seeds (Berenbaum 1981a) . Berenbaum et al. (1984) report a furanocoumarin concentration of 37.92 mg g
(1 in wild parsnip seeds, but concentrations as high as 3200 mg g
(1 have been reported . Stein and Posocco (1984) found that the content of most linear furanocoumarins decreased by about 20% in wild parsnip seed after 7 mo of storage, except for xanthotoxin which increased slightly. Within the seeds, furanocoumarins are localized in the oil tubes (Ladygina et al. 1970; Zangerl et al. 1989) .
In an Illinois study examining the presence of the six furanocoumarins in wild parsnip, roots and shoots were analysed at intervals in sequential harvests for 60 d following emergence (Lohman and McConnaughay 1998) . These chemicals were present from the first day of emergence and were actively synthesized from the onset of seedling growth. Concentrations varied considerably, but were higher in shoots than roots, and all were present from the first harvest, except sphondin, which did not appear in the roots until the sixth harvest. Lower concentrations in the seedlings than in adult plants suggested that inter-seedling competition favoured more investment in growth than in defence (Lohman and McConnaughay 1998) . Zangerl et al. (1997b) noted a distinct qualitative shift in secondary metabolite chemistry over the course of the development of the plant: mono-and sesquiterpenes were abundant in buds, but absent from female flowers and green fruits; furanocoumarins were present at lower concentration in buds, intermediate concentrations in female flowers, and highest concentrations in fruits; soluble protein and fatty acid content declined with development; and linolenic acid in buds was replaced by petroselinic acid in fruits.
The distribution of flavonoids in species of Umbelliferae was reviewed by Harborne (1971) . Maksyutina and Kolesnikov (1962) , and Maksyutina and Litvinenko (1966) characterized several flavonoids isolated from fruits of P. sativa. In Sweden, Borg-Karlson et al. (1994) screened flowers, buds, and leaves of wild parsnip and other Umbelliferae for volatile compounds including aliphatic hydrocarbons, terpenoids, aromatic compounds, and nitrogenous compounds. They identified large quantities of the monoterpenes cis-ocimene and trans-ocimene, as well as the presence of the oxygenated terpenoid linalool, which is known to be a marker pheromone in some solitary bees.
The composition of essential oils in the roots of P. sativa changes during the course of plant development: at the seedling stage (0Á18 d), the primary oil ducts between the pericycle cells contain mainly the sesquiterpene hydrocarbon trans-b-Farnesene (34.9%) with smaller amounts of myristicin (14.4%) and terpinolene (3.1%); as the roots thicken during the secondary stage (23Á30 d) the sesquiterpene content decreases, whereas the myristicin and terpinolene contents increase; and finally, at the adult stage (38Á160 d) when secondary oil ducts develop, the percentage of sesquiterpene falls to 1.5%, while that of myristicin and perpinolene increase to 62.6 and 25.5%, respectively (Stahl-Biskup and Wichtmann 1991) .
In plants, nitrogen and mineral reserves for the germinating seedling are stored in the embryo and endosperm tissues of seeds as sub-cellular structures referred to as protein bodies. In seeds of the parsnip cultivar Hollow Crown, protein bodies of two types were found in the different cells containing either globoid crystals or calcium-rich (druse) crystal inclusions in the proteinaceous matrix (Spitzer and Lott 1982a) . Both types of inclusions were found in endosperm tissues, while only globoid crystal inclusions were found in protein bodies of embryo tissues. Differences in the elemental composition and structure of the globoid crystal and druse crystal inclusions were found by Spitzer and Loot (1982b) . They measured the overall mineral content (% dry wt.) of whole mericarps as 0.55 P, 1.30 K, 0.24 magnesium (Mg), and 0.65 Ca, but the embryo contained a relatively small amount of Ca compared with the total present in the entire mericarp. The proteinaceous matrix always contained sulphur (S) and K, regardless of the inclusion type present (Spitzer and Lott 1982b) . Finke and Scriber (1988) examined changes in water and nitrogen content in foliage of wild parsnip plants from Ohio as measured in the spring (May 18Á25), midsummer (Jul. 05Á25), and late summer (Aug. 17ÁSep. 05). Water content (mean9standard error) was found to be 7990.6, 7491, and 8390.4 % fresh wt., and nitrogen content was 390.06, 390.01, and 490.03% dry wt., respectively. Unfortunately, these authors do not indicate whether the analyses were performed on plants in a vegetative or reproductive state.
The fatty acid (FA) composition of lipids from the vacuolar membranes in the roots of cultivated parsnip show a high proportion (about 76%) of unsaturated FAs (Makarenko et al. 2007 ). The most important unsaturated FAs detected by Makarenko et al. (2007) were linoleic (53.5%), hexadienoic (8.0%), oleic (5.5%), and a-linolenic (5.1%); while palmitic (19.9%) comprised most of the saturated FAs. The seeds of P. sativa, like those of other Umbelliferae, are relatively rich in the unusual FA petroselinic acid (Ross and Murphy 1992) .
Microsomal cytochromes (electron-transport components) were investigated in cultivated parsnip roots by Rich and Bendall (1975) , who found b-561 and b 5 types predominant.
(d) Phenology * In the growing season, seeds dispersed in late summer and autumn of the previous year are the first to germinate (see Section 8c). Plants emerging from spring-germinating seeds are better able to survive extended periods of low precipitation during the summer, and low temperatures during the winter (Baskin and Baskin 1979) . Seedlings emerge and quickly develop a strong taproot for nutrient storage as they produce the first large rosette leaves, which continue to develop until growth is halted by low temperatures. In mild winter conditions in Kentucky, one or two partially expanded leaves may remain on the plant, but normally plants retain only a large green bud at the soil surface (Baskin and Baskin 1979) . The size of a rosette in a given year determines its fate in the following year, and a critical minimum size prior to vernalization (cold period) is required to initiate flowering. If rosettes do not reach the critical minimum biomass flowering may be delayed for one or more years until sufficient reserves have accumulated to support the reproductive growth phase. Plants evaluated on a roadside site in Kentucky flowered mostly in the second, third, and fourth growing seasons, but a single plant flowered in the fifth growing season (Baskin and Baskin 1979) . In Kentucky, Baskin and Baskin (1979) found that autumn rosettes required a minimum root crown diameter of 5 mm for flowering to take place the following year. In Illinois, Thompson (1978) found that plant biomass was correlated to rosette leaf length; autumn rosettes with a leaf length of 14 cm (corresponding to a total dry weight of 1.1 g, and root dry weight of 0.7 g) subsequently entered the reproductive phase. He found that rosettes with an autumn basal stem diameter as small as 4.5 cm would subsequently flower.
In the spring, the over-wintered rosette resumes growth. Plants which will not bolt during the season resume leaf growth about a month earlier (Baskin and Baskin 1979 ). The flowering stem, which emerges from the mature rosette, produces new, progressively smaller leaves, and terminates in the primary umbel. Progressively lower side shoots are produced at 10-to 14-d intervals terminating in secondary umbels, which may in turn branch to produce tertiary and sometimes quaternary umbels (Hendrix 1979; Hendrix and Trapp 1992) . Flowering plants have as much as 38% less root biomass than non-flowering plants of comparable root crown diameter (Baskin and Baskin 1979) .
Flowering occurs over a period of several weeks, depending upon the size of the plant and number of successive umbels, with larger plants producing more umbels (see Section 8a). Thompson and Price (1977) found that maturation of sequential umbels extended over a longer period in isolated plants compared with those growing in dense populations. In a parsnip seed crop grown in the United Kingdom, Gray et al. (1985) observed that secondary umbels started to flower 10 d after primary umbels, and tertiary umbels started flowering 17 d after primary umbels. Pistils become receptive when the bifurcated stigmas are exserted and curved (Zangerl et al. 2003) .
In Canada, flowering occurs from late May until October (Frankton and Mulligan 1987; Alex 1992 ), but observations of herbarium specimens across the country indicate that the peak flowering period usually occurs between mid June and late July, the period when day lengths are longest. Tomkins and Grant (1974) reported flowering occurred in July and August around Montreal. Pammel (1913) indicated that flowering occurs from June to September in Iowa, although Hendrix (1984) reported that flowering in this state begins in May. In a Kentucky study, Baskin and Baskin (1979) noted that flowering usually began in late May and June when maximum day temperatures were 20Á308C, and night temperatures were 10Á158C, although they determined that long days were not required for flowering. A combination of low spring temperatures that inhibit plant growth and shorter day lengths in early spring can delay flowering (Baskin and Baskin 1979) . Early growth will be hindered in parts of Canada where frost may persist in the ground until late May.
The reproductive parts are short-lived, lasting approximately 4 wk from the first expansion of the bud to the development of a ripe fruit (Zangerl and Rutledge 1996) . After successful fertilization the ovules expand and remain green until the embryo and endosperm are fully developed while at the same time the levels of furanocoumarins increase dramatically (Zangerl and Nitao 1998) . Photosynthesis occurs in green fruits, but is variable and affected by pollen donor genotype (Zangerl et al. 2003) . In the United Kingdom, ripening and shedding of seeds on primary umbels of cultivated parsnips may occur up to a month before that of tertiary umbels (Gray et al. 1985) . At the end of the reproductive cycle, the leaves shrivel and the plant dies. Mature seeds may remain on the plant for several weeks, unless there is disturbance such as mowing. A few earlymaturing seeds may dehisce, germinate, and produce viable rosettes before fall, but the majority germinate the following spring, beginning the growth cycle once again (see Section 8c).
(e) Mycorrhiza * Harley and Harley (1987) referenced a number of published sources reporting the formation of arbuscular-vesicular mycorrhiza in Pastinaca sativa. In 1-to 2-yr-old spoil heaps from a strip mine in Poland, P. sativa roots were found to contain arbuscular mycorrhiza in up to 28% of their length with about 50% of the root colonized by hyphae, whereas vesicular mycorrhizae were absent (Kasowska 2002 ).
Reproduction
(a) Floral Biology * Floral development and embryogenesis in P. sativa are described in detail by Beghtel (1925) . The flowers of P. sativa are protandrous, i.e., anthers begin to dehisce about 5Á7 d before the pistil stigmas become receptive (Beghtel 1925; Cruden and Hermann-Parker 1977) . Although umbels of differing orders mature over 10-to 14-day intervals (Hendrix 1984; Hendrix and Trapp 1992) , flowering within an umbel may be nearly synchronous within that time period (Lohman et al. 1996) , the flowers quickly maturing centripetally within umbellets and umbels (Beghtel 1925; Cruden and Hermann-Parker 1977) . In their studies, Cruden and Hermann-Parker (1977) found little overlap between staminate and pistillate phases within and between umbels, observing that temporal dioecism promotes outcrossing between plants, and reduces geitonogamy (pollination between flowers on the same plant).
In primary umbels, 87Á89% of the flowers are hermaphroditic, while 49Á57% are hermaphroditic in the secondary umbels (Cruden and Hermann-Parker 1977; Lovett Doust 1980b) . Tertiary and quaternary umbels normally contain less than 1% and no hermaphroditic flowers, respectively (Lovett Doust 1980b) . If the primary umbel is damaged by herbivores, however, later developing umbels compensate by producing more flowers of which a greater proportion are hermaphrodite than in undamaged plants (Hendrix and Trapp 1981) .
The multiple flat-topped inflorescences with numerous flowers are most conspicuous when viewed from above, and hence are adapted to attracting promiscuous, high-flying pollinators (Bell 1971; Lohman et al. 1996) . The considerable proportion of resources allocated to the tall flowering stem (4292% dry wt.) as opposed to reproductive parts (1192 % dry wt.) in parsnip may confer benefits in attracting pollinators or dispersing fruit (Lovett Doust 1980a) . The large nectar-bearing stylopodium is partly covered by the in-folded petals during early floral development, but becomes fully exposed at anthesis (Bell 1971) . Insects are attracted by the yellow colour of the flowers, by volatile fragrance compounds, notably cis-ocimene and transocimene (Borg-Karlson et al. 1994) , and by the nectar exuding from the prominent stylopodium. Flower visitors are mostly unspecialized pollinators, including mainly Syrphidae, Tachinidae, and other flies, but also ants, wasps, bees, and beetles (Knuth 1908; Bell 1971; Cruden and Hermann-Parker 1977; Borg-Karlson et al. 1994; Lohman et al. 1996; Tooker et al. 2006) . Robertson (1928) reported almost 300 species of insects visiting P. sativa flowers between Jun. 02 and Jul. 09 at Carlinville, IL. Of the species observed, Hymenoptera and Diptera species were predominant, 42 and 38%, respectively, with smaller numbers of Coleoptera (14%), Lepidoptera (3%), Hemiptera (2%), and Neuroptera (0.3%).
(b) Seed Production and Dispersal * The specialized dry fruits of P. sativa are called schizocarps. They are composed of two sections (the carpels) broadly joined along a region called the commissure. At maturity, the parenchyma cells of the commissure deteriorate and the fruit splits into two sections or mericarps (Theobald 1971) , which remain loosely attached via a threadlike stalk of the divided carpophore (Jackson 1933) . See Theobold (1971, Fig. 3f ) for an illustration of the similar mature fruit in Heracleum. Each mericarp contains a single true seed (ripened ovule), and, at maturity, is easily separated from the carpophore by slight mechanical force (e.g., rain, wind, etc.).
Plant size is an important determinant of seed size and production. The larger the initial rosette, the larger the flowering plant will be, and larger plants produce a greater total seed set with greater individual seed weights (Hendrix 1979 (Hendrix , 1984 Thompson 1978) . Reported seed weight ranges from about 1 to 6.1 mg (Salisbury 1961; Hendrix 1984; Thompson and Baster 1992; Jongejans and Telenius 2001) , although it is not clear whether seed or mericarp weights were being reported. In Iowa, Hendrix (1984) reported seed weight ranges of 3Á6, 1.5Á4, and 1Á2.5 mg for seeds from primary, secondary, and tertiary umbels, respectively. He found seed weights differed up to sixfold, when tertiary-umbel seeds from a small plant were compared with primary-umbel seeds from a large plant. Within plants, secondaryumbel and tertiary-umbel seed weights were about 73 and 50% of the primary-umbel seeds, respectively.
The primary umbel is almost always the first to produce mature seed during the month-long reproductive cycle (See Section 7c). Lovett Doust (1980b), studying wild parsnip in the United Kingdom, found a mean number of 15 000 flowers per plant, of which about 18% (2700) were perfect with a 74% fruit set (2000 fruits per plant). Most fruits were produced in the primary and secondary umbels. Cruden and Hermann-Parker (1977) , in a population from Iowa, found an average of 930989 flowers per umbel on primary umbels, and 520972 on secondary umbels. Seed yield in cultivated parsnips was observed to increase up to a maximum at a density of 10 plants m (2 (1040Á4029 kg ha (1 ), but decreased at higher densities due to an increase in the proportion of non-flowering plants, a decrease in the number of umbels per plant, and a decrease in the number of seeds per umbel (Gray et al. 1985) .
One or both of the two mericarps in each fruit may contain a seed, although mature fruits lacking seeds (parthenocarpy) are also common (Hendrix 1984; Zangerl et al. 1991; Lohman et al. 1996) . It has been suggested that parthenocarpic fruits may divert herbivore feeding (i.e., be preferentially consumed by seedfeeding organisms) away from fertile fruits, which, although more nutritious, also have much higher furanocoumarin levels .
Seeds mature in mid-summer, but generally remain on the stems until late summer or autumn unless they are disturbed, for example by mowing (Baskin and Baskin 1979) . In undisturbed situations, seed dispersal occurs by wind or rain from early August until late November, with most dispersal occurring in September. In Iowa, approximately 90% of all seeds were dispersed by the third week in September (Hendrix and Trapp 1989) . However, in many habitats where wild parsnip is mowed during July or August as part of regular mowing programs, the seeds are dispersed when the shoots are cut. Mowing when the primary umbel begins flowering (May to June) may be most effective at reducing fruit production because the considerable biomass allocation to stem production reduces reserves available for flower and seed production (Lovett Doust 1980a).
In the Netherlands, P. sativa was one of the most efficient anemochorous species of 10 Umbelliferae species studied by Jongejans and Telenius (2001) . At an average wind velocity of 4.7 m s
(1 , most seeds were dispersed from 2 to 5 m (median of 3.05 m), with one seed reaching 13.9 m; the average seed terminal velocity was 2.06 m s
(1 (Jongejans and Telenius 2001) . Warning (1934) speculated that, since umbels and umbellets easily break as stem tissues age and fruits ripen, these larger structures may act as ''tumbleweeds'' facilitating fruit dispersal. Secondary dispersal is likely accomplished by surface water flow.
(c) Seed Banks, Seed Viability and Germination * Wild parsnip seeds possess morphological dormancy due to an underdeveloped embryo (Baskin and Baskin 1998) . In Kentucky, only 4Á13% of wild parsnip seeds germinated during the first year of dispersal, with up to 80% germination occurring the following spring (Baskin and Baskin 1979) . In Iowa, autumn germination was usually B10%, but in some years was as high as 20Á30% (Hendrix 1984) . The optimal timing for germination, in terms of seedling survival, was in the early spring (Baskin and Baskin 1979; Hendrix 1984) . The temperature requirements for germination changed as the seeds age and the embryo continues to ripen. For example, freshly dispersed seeds were reported to require day/night temperatures of 30/238C to germinate (Rogers and Stearns 1955, cited in Andersen 1968 ). Baskin and Baskin (1979) found the highest germination rate of fresh seeds (collected in July) at 30/158C (24 and 21% in light and darkness, respectively), but, with an after-ripening period, percentage germination increased under most temperature and light regimes. Stratification of seeds decreased the minimum temperature required for germination and increased the rate of germination, which facilitates increased seed germination in the early spring following initial dispersal (Baskin and Baskin 1979; Hendrix 1984) . Baskin and Baskin (1979) found that seeds receiving light during stratification or incubation periods germinated at higher rates under most temperature regimes and after-ripening periods than did those kept in darkness. Stratification of wild parsnip seeds from Iowa increased both synchronization and rate of germination (Hendrix 1984) . Hendrix (1984) found differences in germination requirements between seeds produced by different order umbels. In the autumn, smaller seeds (from higher order umbels) germinated more rapidly than larger seeds, however, cumulative germination did not differ between seed size classes. The opposite was true for spring germination, where the rate did not correspond to seed size, but cumulative germination did. These data suggest that the majority of the seedlings emerging the following spring will result from the larger seed cohort. Although greater seed biomass correlated with larger embryos and total seedling biomass for 30 d after emergence, Hendrix et al. (1991) found that seedlings from smaller seeds had a greater root length to leaf area ratio, a resource allocation that provides a potential post-emergence advantage under short-term drought conditions. Emergence of seedlings in the spring, and early summer in the year following initial dispersal, accounts for about 80% of total emergence, and 99% percent of all seedlings typically emerge within 2 yr after dispersal (Thomson and Price 1977; Baskin and Baskin 1979; Hendrix and Trapp 1989) . Under laboratory conditions germinability of wild parsnip seeds declined from 75 to 21% after 1 yr of storage (Rogers and Stearns 1955, cited in Andersen 1968) . In a single trial in the United Kingdom, 64% of seeds germinated in the spring after production, 0.4% in the following year, and none thereafter (Roberts 1979) . In the Netherlands, DorphPetersen (1924) also found that germinability following dry storage was 87% after 1 yr, 24% after 2 yr, and 0% after 3 yr. Similarly, Kennay and Fell (1990) reported that wild parsnip seeds do not persist in the soil for more than 4 yr. These results indicate that seeds of this species only form a weak, transient seed bank.
No information was found on the emergence depths of wild parsnip seedlings. For cultivated parsnips, however, Grieve (1931) reported an optimal planting depth of about 2.5 cm, and Lorenz and Maynard (1980) recommended half that depth. The size and shape characteristics of wild parsnip seeds suggest that penetration into the soil is minimal without disturbance or cultivation (Bekker et al. 1998 ). Limited soil penetration by seeds is associated with seeds of reduced longevity (e.g., non-persistent seed banks), and is also a characteristic of no-till agricultural systems (Clements et al. 1996) .
(d) Vegetative Reproduction * Wild parsnip does not reproduce vegetatively (Hendrix 1984) .
Hybrids
No reports of interspecific hybridization were located for this species.
Population Dynamics
Wild parsnip grows as single plants or in large patches that may be from a few square metres to over several hectares in size (Thompson and Price 1977; Zangerl and Berenbaum 1990) . In a Kentucky population, Baskin and Baskin (1979) reported a patch measuring 35 plants m (2 , of which 30% were flowering. Growth patterns differ between isolated plants and those growing in dense populations, with isolated plants having a greater proportion of unopened umbels earlier in the growing season (Thompson and Price 1977) . Wild parsnip plants in high density populations have lower total and umbel biomass (Thompson and Price 1977) , and smaller basal stem diameters (Thompson 1978) , but the ratio of shoot to root biomass is not significantly affected by plant density in crop plants (Hole et al. 1984) . Plants on the periphery of wild parsnip patches, under less densityrelated stress, are larger than plants found at the centre of the patch. As plant density increases, the average size of rosettes and flowering plants decreases. Thompson (1978) proposed that the slow growth and lack of seed production of plants in the middle of patches, would lead to dissolution of the patch over time. This, however, would depend on whether plants on the edge of the patch re-colonized the centre or whether other, more competitive, perennial species moved into the internal area.
Once established, populations are quite competitive because many stages of plant growth are present at any one time. The rosette stage reacts to competition by remaining in a vegetative state until growing conditions improve and the plant has sequestered adequate reserves for reproduction. Many wild parsnip stands occur in areas dominated by grasses, suggesting that it can readily invade turf and pastures, especially if there is bare ground due to thin turf or physical disturbance. However, seeds of wild parsnip sown in 1984 in unmanaged grassland turf in the United Kingdom emerged in relatively large numbers and survived to 1985, while long-term populations failed to establish because of competition for resources with polycarpic plants (Thompson and Baster 1992) . Other monocarpic species of Umbelliferae in this study also failed to establish populations, and it was found that the life history of those species was the best predictor of their failure to compete in that grassland environment. Kenney and Fell (1990) indicated that in prairie populations, aggressive growth by species such as tall goldenrod [Solidago canadensis var. scabra Torr. & A. Gray (0Solidago altissima L.)] sometimes displaces wild parsnip. Kline (1986) mentions tall goldenrod as a species that successfully out-competes wild parsnip, providing a dense and highly competitive cover. The competitive ability is possibly facilitated by the allelopathic properties attributed to several species of goldenrods and asters (Werner et al. 1980; Chmielewski and Semple 2001) .
Response to Herbicides and other Chemicals
There are relatively few data in the scientific literature that describe the susceptibility of the wild parsnip to commonly used herbicides. The reasons for this lack of information are twofold. First, most herbicide trials have been performed on the cultivated crop form of P. sativa, and second, wild parsnip has been primarily a problem in waste areas and rights-of-way, where herbicide application may be impractical, not costeffective or environmentally damaging. Because the literature specific to the cultivated form of parsnip is focussed on herbicides to which parsnip has some natural tolerance, that subset of literature has not been presented in this review.
Control of wild parsnip is most effective when applied during the first year of growth, thereby preventing seed production and reducing the establishment of new plants. Prior to the development and marketing of herbicides, Clark and Fletcher (1909) stated that ''applying a small handful of salt to the root after the top is closely cut in hot dry weather'' was a practical means of control for small infestations. This technique may have been a historically practical option aimed at reducing seed production, but currently it is not likely to be viewed as a viable control measure.
In southern Quebec, Tomkins and Grant (1974) studied the response of weeds to seven herbicide formulations in both open and closed roadside weed communities (see Section 5c). Greater than 75% mortality of wild parsnip was seen in both habitats types with the use of 2,4-D amine at 2.3 kg a.e. ha
(1 , picloram'2,4-D ester at 3.5 kg a.e. ha
(1 , 2,4-D' 2,4,5-T isooctyl esters at 2.3 kg a.e. ha
(1 , paraquat at 2.3 kg a.i. ha
(1 , and simazine at 9 kg a.i. ha (1 . They found greater than 75% mortality using picloram at 2.3 kg a.e. ha
(1 in the open community, but less than 50% mortality in the closed community. Diuron at 22.6 kg a.i. ha
(1 provided 50Á75% mortality in the open community, but poor control (0Á50% mortality) in the closed community. These authors found significantly increased rates of mitotic chromosome aberrations in wild parsnip under the picloram (1.7%), 2,4-D'2,4,5-T (2.8%), paraquat (2.4%), and simazine (1.8%) treatment regimes (Tomkins and Grant 1976) . Control plants had a total aberration rate of 0.4% acentric fragments in mitotic cells, but did not show the chromosome laggards, bridges, sticky bridges, multipolar spindles or other aberrations seen in cells of treated plants. Aberration rates in non-selective herbicide-treated plants were higher early in the season, but higher in control plants late in the season. Although the effects appeared to be short-lived, the authors speculated that disruption of the chromosomal apparatus would reduce the competitive ability of treated plants (Tomkins and Grant 1976) .
Some sources report that 2,4-D alone or in tankmix with additional active ingredients provided postemergent control of wild parsnip. For example, Kennay and Fell (1990) reported that spot application of 2,4-D, following label specifications (specific rate not provided) to wild parsnip rosettes, in either the spring (March to May) or autumn (August to October), provided ''effective'' control. In Yugoslavia, application of 2,4-D amine (2.5 kg a.i. ha
(1 ) to a mixed infestation containing P. sativa and another broad-leaved species in a grass field reduced wild parsnip populations by up to 48% (Skender 1977) . Picloram at 0.45 kg a.i. ha The broad-spectrum herbicide glyphosate also controls wild parsnip rosettes and adult plants (Holt et al. 1982; Kennay and Fell 1990; Czarapata 2005) ; however, it is often undesirable to apply such a broad-spectrum herbicide in areas with sensitive non-target vegetation (Lorenzi and Jeffrey 1987) . To minimize the impact on non-target species, Kennay and Fell (1990) recommended a late autumn spot application of glyphosate (2% a.i.) on rosettes; however, because glyphosate only provides foliar control at this time, application must be repeated on an annual basis to control individuals emerging the following spring.
Several broadleaf herbicides were tested for weed control efficacy along railways in Indiana (Holt et al. 1982) . The authors concluded that diuron, bromacil, trifluralin, atrazine, paraquat, tebuthiuron, sulfometron, hexazione, glyphosate, 2,4-D, dicamba, sethoxydim, and triclopyr all provided ''excellent'' control of wild parsnip; however, application rates for each herbicide were not reported.
There have been no reports of wild parsnip populations resistant to any herbicide modes of action which are registered for use in Canada (Heap 2009 ).
Response to Other Human Manipulations
In an outdoor flooding experiment in the Netherlands, wild parsnip was among 20 terrestrial grassland species completely submerged over a 2-mo period and then studied for biomass recovery after re-emergence. It was one of a group species that began to deteriorate in the first week and died within 14 d of flooding (van Eck et al. 2004) .
Wild parsnip is easily controlled by cultivation (Clark and Fletcher 1909; Pammel 1913) . In small infestations, control may be accomplished by pulling or mowing prior to seed maturity (Muenscher 1955; Kennay and Fell 1990) . Removal by pulling is easiest to accomplish immediately after rain when the soil is softened, or during a drought, when the tap root shrinks (Kennay and Fell 1990) . Muenscher (1955) also recommends cutting the tap roots of rosettes below the soil surface with a spud or hoe. This handwork will be easiest and most effective in moist soil, especially in the spring before the root has enlarged. Kennay and Fell (1990) indicated that cutting the plants below the root crown is most effective just as the flower stalks emerge. Since emergence spans several weeks, they recommend checking the area several weeks later, and then yearly for the following 2 to 3 yr. This approach can be successfully used to remove an infestation from an area as long as there is no outside seed source.
In many habitats where wild parsnip is mowed during July and/or August, as part of regular mowing programs, the seeds are dispersed when the shoots are cut (Baskin and Baskin 1979) . Mowing also allows more sunlight to reach immature parsnip plants which are lower than the mower blade. These plants can then rapidly mature and increase the density of flowering stems (Eckardt 1987; Kennay and Fell 1990) . Kline (1986) evaluated a single mowing done in July at a Wisconsin prairie for wild parsnip management. The mowing was timed to cut the flowering stalks early enough so that they did not produce seed, but late enough so that the plant would not be able to flower and produce seed before the end of the growing season. She found that timing of a single mowing was difficult, and that poor weather could easily delay it until too late. At the end of 6 yr, the un-mowed control had 4.1 seedlings, 0.7 intermediate plants, and 0 flowering individuals per square metre, compared with 1.2 seedlings, 2.5 intermediate, and 4.1 flowering individuals with the mowed treatment. She suggested that the poorly timed mowing, in the third growing season of the trial, actually increased the total number of plants during following years. In non-arable systems, mowing can reduce the vigour of competing perennial species such as goldenrod (Kline 1986; Eckardt 1987) . In addition, Hendrix (1979) found that removal of primary umbels (mimicking insect injury of flowers) caused plants to compensate by increasing the number of tertiary umbels reaching maturity, and by increasing the number of seeds set in the tertiary umbels. As mentioned in Section 8(b), Lovett Doust (1980a) indicated that mowing when the primary umbel begins flowering may be most effective at reducing fruit production.
Burning alone does not successfully control wild parsnip; however, periodic fires may provide a competitive advantage for more desirable species in firetolerant communities (Kennay and Fell 1990) .
Since wild parsnip only reproduces by seed, a primary goal for any control program should be to reduce seed production and to prevent seedling recruitment. Control measures and maintenance in non-arable systems should enhance development of competitive vegetative cover that can resist re-invasion of wild parsnip from adjacent seed sources.
Response to Parasites
The herbivores and diseases of P. sativa are undoubtedly similar for both cultivated and wild forms, although reports of plant pests do not always distinguish between the two forms. Since the higher production of defensive compounds in wild forms may reduce the degree to which they are affected by some of these organisms, the literature on crop pests has not been extensively surveyed.
(a) Herbivory (i) Mammals * Stubbendieck et al. (2003) state that the plant is occasionally consumed by deer and other large mammals, and that the seeds are consumed by small mammals. Martin et al. (1951) reported moles [Scapanus townsendii (Bachman)] consuming the roots of cultivated parsnips in the Pacific Northwest. Hopkins (1996) stated that P. sativa is intolerant of grazing in British shrublands where it occurs in scrub edges and receives ''protection from grazing''. In these sites it is possible that young plants benefit more from favourable microsites for establishment, and reduced herbivore trampling than from reduced feeding.
(ii) Birds and/or Other Vertebrates * Stubbendieck et al. (2003) stated that the seeds are eaten by upland birds.
(iii) Insects * Sequential flower development (see Section 8a) can provide a defence system against flower feeding insects. If the first inflorescence is damaged by herbivores, later developing inflorescences compensate for the loss by producing both more flowers and a greater number of hermaphrodite flowers than undamaged plants (Hendrix and Trapp 1981) . The complex chemistry in wild parsnip may modify insect feeding or growth in both negative (e.g., Berenbaum 1985; Berenbaum et al. 1989 Cianfrogna et al. 2002) , and positive ways (Wiklund 1973; Berenbaum et al. 1989; Berenbaum and Zangerl 1992; Carter et al. 1998) .
Males of the nearctic bee, Anthophora abrupta Say (Apoidea: Anthophorini) demonstrated unusual behaviour on wild parsnip in Maryland, chewing on leaves and petioles of the plant to collect the fragrant juices among the moustache hairs, then applied these, mixed with their mandibular secretions, to surrounding objects, apparently as territorial markers (Norden and Batra 1985) .
Carrot rust fly [Psila rosae (Fabricius)] is a serious pest of cultivated parsnip and related crops with the larvae feeding on the tap root (Dufault and Coaker 1987; Nonnecke 1989) . The leafminer flies, Euleia fratria (Loew), Philophylla heraclei (L.) (Trypetidae), Phytomyza affinis Fall., P. albiceps Meig, and P. chrysanthemi Kowarz (Agromyzidae) are reported to utilize Pastinaca sativa (Needham et al. 1928; Douglas and Cowles 2007) . In the United States, Zangerl et al. (1989) reported several Hemipterans feeding on fruits of wild parsnip, including Allocoris pulicaria [0Corimelaena pulicaria (Germar)], Lygus lineolaris (P. Beauv.), Orthops scutellatus Uhler, Plagiognathus politus Uhler, and P. obscurus Uhler, and, an unidentified chalcidoid wasp. An unidentified chalcid wasp has also been reported from about 1% of wild parsnip seeds in Iowa (Hendrix 1984; Hendrix et al. 1991) . Various leafhoppers and aphids have been reported as pests of cultivated parsnips (Nonnecke 1989; Douglas and Cowles 2007) .
The parsnip webworm is an important specialist herbivore feeding on Pastinaca and Heracleum species (e.g., Nitao 1989; , 1998 , which have very similar floral fragrances (BorgKarlson et al. 1994) . The close evolutionary hostherbivore relationship is evident in the phenotype matching of furanocoumarin production-tolerance, respectively (Zangerl et al. 2008 ). Introduced to North America from Europe, the parsnip webworm was first reported in Ontario in 1869 (Bethune 1869) . Female moths lay most of their eggs (72%) on the underside of leaves and the balance on flower stalks. Larvae subsequently construct webs on umbels and feed on flowers and developing seeds (Gorder and Mertins 1984) . Primary umbels are the principal feeding site (Thompson and Price 1977; Hendrix 1979) , and larger plants located in patches are more frequently attacked (Thompson 1978) . Feeding by larvae can significantly reduce the seed production , and likely reduce the rate of patch growth (Thompson 1978) . Examination of herbarium specimens through 152 yr revealed phytochemical shifts coincident in time with the accidental introduction of the parsnip webworm, into North America (Zangerl and Berenbaum 2005) . Both male and female fitness in wild parsnip are reduced by webworm herbivory and webbing (Thompson 1978; Lohman et al. 1996; Zangerl and Berenbaum 2004 ), but reduced maternal success can be somewhat offset by increases in the number of tertiary umbels that reach maturity (Hendrix 1979) , by greater hermaphroditic flower production in tertiary umbels of large plants (Hendrix and Trapp 1981) , and by climatic conditions affecting seedling survival (Hendrix and Trapp 1989) .
Larvae of about 40 species of Lepidopterae have been reported to feed on P. sativa or other species in the same genus (Robinson et al. 2008) . In Canada, one species of the Oecophoridae, Agonopterix heracliana (Fabricius), and four species of the Papilionidae, Papilio brevicauda Saunders, P. kahli Chermock & Chermock, P. machaon L., and P. polyxenes have been reported. In addition, two species of the Oecophoridae, Agonopterix clemensella (Chambers) and Depressaria pastinacella, and two Papilionidae, P. polyxenes and P. zelicaon Lucas, have been reported from the United States. Other species reported on P. sativa at unspecified locations in North America include: the Arctiid, Spilosoma virginica (Fabricius); the Geometrid, Eupithecia miserulata Grote; the Noctuids, Autographa precationis (Guene´e), Euxoa tessellata (Harris) and Pseudaletia unipuncta (Haworth); and the Oecophorid, Agonopterix clemensella. Species which have been reported on P. sativa in Europe or Asia, include: the Epermeniids, Epermenia farreni (Walsingham) and E. chaerophyllella (Goeze); the Geometrid, Aspitates gilvana ( (Robinson et al. 2008) .
The polyphagus lepidopteran Heliothis zea Boddie (Noctuidae) has been used experimentally as a herbivore of wild parsnip (Berenbaum and Neal 1985; .
(iv) Nematodes * Root-knot nematodes, Meloidogyne sp. (Heterodera marioni (Cornu) Goodey), have been reported on P. sativa in British Columbia and Quebec . In Quebec, wild parsnip was found to be a highly susceptible host for the northern root-knot nematode, Meloidogyne hapla Chitwood (Be´lair and Benoit 1996) . Among the common weeds associated with carrot and onion fields, this weed sustained moderate to high galling of the roots, and supported large numbers of eggs and juveniles.
(b) Diseases (i) Fungi * The canker Phoma complanata (Tode) Desm. is one of the most serious diseases of cultivated parsnip in Ontario (Cerkauskas 1985 (Cerkauskas , 1987 and elsewhere (e.g., Ryan 1973) . It causes deterioration of whole plants in the field as well as decay of stored roots (Cerkauskas 1985) . It overwinters in the soil and is also Zealand, southern Africa, and Malaysia .
In Germany, the fungal pathogen Centrospora acerina (Hartig) Newhall was isolated from parsnip roots with black rot damage, and subsequent infection of the soil by mycelium and spores of this fungus produced infection in both roots and leaves, causing early death of the plants (Klewitz 1972) . Johnson et al. (1973) inoculated P. sativa root discs with Alternaria sp., Ceratacystis fimbriata Ellis & Halsted, Colletotrichum lindemuthianum (Sacc. & Magnus) Briosi & Cavara, and Helminthosporium carbonum Ullstrup. Although these fungi are normally nonpathogenic, they grew on parsnip root tissue in culture.
(ii) Bacteria * In Canada, Pectobacterium carotovorum (0Erwinia carotovora) has been reported on P. sativa in BC, and Streptomyces scabiei in AB, NS, and PE (Connors 1967) . Both the bacterial blights, Pseudomonas marginalis and Pseudomonas viridiflava, were isolated from soft rot lesions (petioles and roots) and seeds of Pastinaca sativa from New York and Massachusetts (Hunter and Cigna 1981) . See Euze´by (2009) for bacterial nomenclature details.
(iii) Viruses * A virus isolated from naturally infected P. sativa in Hungary was identified as the potyvirus celery mosaic virus (CtMV), which produced very severe vein clearing, ochre mosaic spots, and exceptional leaf crinkling in the infected plants (Horva´th et al. 1976) . Of other plants inoculated with the virus extracted from parsnip and other host plants, members of the Umbelliferae proved to be the most susceptible, and displayed similar vein-clearing and mosaic symptoms. In the United Kingdom, some parsnip cultivars have been found susceptible to the seed-borne strawberry latent ringspot virus (SLRSV); and, although plants are often symptomless a high proportion of the seed may be infected (Cooper 1981; Hicks et al. 1986 ). Virus particles were detected by Hicks et al. (1986) in the embryos and endosperm (but not in the seed-coats), and in unopened anthers and unfertilised ovules of infected plants. Seed set on infected plants was of reduced quality with respect to germination, weight, and appearance, but the vigour of infected seedlings was apparently not reduced. In Scotland, isolates of parsnip yellow fleck virus (PYFV) were obtained from several Umbelliferae, and those obtained from parsnip, celery, and Heracleum sphondylium Bourg. ex Reut. belonged to a different serotype from those obtained from carrot and Anthriscus sylvestris Hoffm. (Hemida and Murant 1989) . Other viruses that have been reported on parsnip include Anthriscus carlavirus (AntV), Carrot thin leaf potyvirus (CTLV), Celery mosaic potyvirus (CeMV), Celery yellow spot luteovirus (CeYSV), Coriander feathery red vein nucleohabdovirus (CFRVV), Dandelion yellow mosaic sequivirus [DaYMV (DYMV)], Heracleum latent trichovirus (HLV), Parsnip 3 potexvirus (ParV-3), Parsnip leafcurl virus, Parsnip mosaic potyvirus (ParMV), and Tobacco ringspot nepovirus (TRSV) (Brunt et al. 1996 onwards) .
(iv) Mycoplasma-like Organisms * The aster yellows phytoplasm (AY) has been reported on P. sativa in AB, BC, MB, NB, NS, and PE . Symptoms of AY have been detected in parsnip plants grown in the neighbourhood of Edmonton, AB (Khadair and Evans 2000) . There are no reports to date of similar infection in wild plants although this common leafhopper-vector disease attacks many plant species.
